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To isolate mutant liver cells defective in the endocytic pathway, a selection strategy using toxic ligands for two distinct membrane receptors
was utilized. Rare survivors termed trafficking mutants (Trf 2–Trf 7) were stable and more resistant than the parental HuH-7 cells to both toxin
conjugates. They differed from the previously isolated Trf1 HuH-7 mutant as they expressed casein kinase 2 α″ (CK2α″) which is missing from
Trf1 cells and which corrects the Trf1 trafficking phenotype. Binding of 125I-asialoorosomucoid (ASOR) and cell surface expression of
asialoglycoprotein receptor (ASGPR) were reduced approximately 20%–60% in Trf2–Trf7 cells compared to parental HuH-7, without a reduction
in total cellular ASGPR. Based on 125I-transferrin binding, cell surface transferrin receptor activity was reduced between 13% and 88% in the
various mutant cell lines. Distinctive phenotypic traits were identified in the differential resistance of Trf2–Trf7 to a panel of lectins and toxins and
to UV light-induced cell death. By following the endocytic uptake and trafficking of Alexa488-ASOR, significant differences in endosomal fusion
between parental HuH-7 and the Trf mutants became apparent. Unlike parental HuH-7 cells in which the fusion of endosomes into larger vesicles
was evident as early as 20 min, ASOR endocytosed into the Trf mutants remained within small vesicles for up to 60 min. Identifying the
biochemical and genetic mechanisms underlying these phenotypes should uncover novel and unpredicted protein–protein or protein–lipid
interactions that orchestrate specific steps in membrane protein trafficking.
© 2007 Elsevier B.V. All rights reserved.Keywords: Trafficking mutant; Endocytosis; Asialoglycoprotein receptor; HuH-7 cells, casein kinase 2 α″; Glycoprotein–toxin selection; Apoptosis1. Introduction
Endocytosis is a process by which the cell internalizes
proteins and lipids associated with the plasma membrane, and
transports them through a variety of tubular–vesicular
compartments [1]. In its broadest sense, endocytosis can be
viewed as a means either to acquire extracellular macromole-
cules or to establish unique plasma membrane domains.
Receptor mediated endocytosis (RME) is distinguished from
other forms of endocytosis by the initial binding of ligand to
receptors prior to internalization through the formation of an⁎ Corresponding author. The Marion Bessin Liver Research Center, Albert
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By facilitating fast and selective internalization of receptors and
other integral membrane proteins, clathrin-mediated endocy-
tosis regulates their cell-surface expression and function. The
asialoglycoprotein receptor (ASGPR) is one of the best-
characterized receptors that constitutively enter cells via
clathrin-coated vesicles and traffic the endocytic pathway [4].
Internalized receptors pass through the early, recycling, and
sorting endosomal compartments. For some ligand–receptor
pairs such as ASGPR/asialoorosomucoid (ASOR), endocytic
vesicles undergo fission into daughter vesicles leading to the
sorting of ligand to lysosomes for degradation and receptor to
the cell surface [5,6]. Others ligands, such as transferrin,
remain associated with their receptors so that both receptor and
ligand are returned to the cell surface in the same vesicle [7].
Nevertheless, in each case, receptor- and ligand-containing
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[8,9], driven by a variety of molecular motors that provide the
specific direction necessary to maintain ordered trafficking
[10,11]. The fidelity of the pathways is retained by the
specific interaction of the cytoplasmic domain of receptors
and other membrane components with soluble cytosolic pro-
teins [12–14].
Rare mutants isolated from mammalian cells allow the
dissection of complex biological processes [15,16] and have the
potential to uncover novel and unpredicted protein–protein or
protein–lipid interactions regulating specific steps in RME.
Mutations that result in the alteration of RME fall into two
general classes. One class, exemplified by LDL receptor mutants
[17,18], arises from mutations in the structural gene of the
receptor. The second major class is characterized by mutations
that lead to pleiotropic phenotypes arising from effects on two or
more receptor systems [17,19]. The molecular-genetic analysis
of such pleiotropic mutants has proven to be a powerful tool for
identifying mechanisms of membrane protein trafficking [20–
22]. Therefore, we devised a selection strategy that would
simultaneously target two different receptors in order to
specifically isolate pleiotropic mutants defective in endocytosis.
The surface expression of two different glycan-binding receptors
expressed at the surface of HuH-7 cells was selected against. The
galactose/N-acetylgalactosamine ASGPR and the mannose
receptor, that are both responsible for the vesicular transport of
their respective ligands to lysosomes, were utilized to simulta-
neously deliver galactose- and mannose-terminating glycopro-
tein conjugates of gelonin, an inhibitor of protein synthesis to
mutagenized HuH-7 cells [19]. Resistance to both toxin-
conjugates should result from altered trafficking of both
receptors thereby reducing the intracellular concentration of
toxin-conjugate that reaches the cytosol. Indeed our first
membrane protein trafficking mutant (Trf1) has reduced cell
surface expression of ASGPR, transferrin and mannose re-
ceptors [19]. Investigations of Trf1 cells led to the discovery of a
heat shock protein (HSP) heterocomplex associated specifically
with the phosphorylated cytoplasmic domain of ASGPR
(ASGPR-CD). The phosphorylation is mediated by a novel
casein kinase 2 (CK2) alpha catalytic subunit designated CK2α″
(DQ354583) that was discovered by cDNA complementation of
the Trf1 mutant [23].
One of the greatest difficulties in the isolation of additional
trafficking mutants has been the synthesis of stable selection
agents. This problem was overcome by the adoption of a
biotinylation protocol originally designed for the isolation of
toxin resistant lymphoid cells [24]. Both the toxin (Ricin A
chain) and the glycoprotein ligand (galactose-terminated ASOR
or mannose-terminated ovalbumin) were biotinylated with
NHS-Iminobiotin-Trifluoroacetimide allowing for reversible
binding to avidin at low pH. Toxin–glycoprotein complexes
could be prepared from the stable biotin–protein components
just prior to use and were found to give highly reproducible
levels of toxicity. In this paper we describe novel mutant HuH-7
cell lines termed trafficking mutants 2–7 (Trf2–Trf7), which
were isolated by this dual selection protocol. They are more
resistant than parental HuH-7 cells to both of the glycoproteinconjugates, and exhibit defects in RME that are distinct from the
Trf1 phenotype previously described.2. Materials and methods
2.1. Materials
Human ASOR was prepared by acid hydrolysis of human orosomucoid
(Sigma) as described previously [19]. ASOR was iodinated by a chloramine-
T method [25] or by a coupled lactoperoxidase/glucose oxidase method
following the manufacturer's instructions (Bio-Rad) to a specific activity of
4.0–5.0×103 cpm/ng. Human transferrin (Sigma, Saint Louis, MO) was
iodinated with IODO-GEN according to the manufacturer's instructions
(Pierce Biotechnology, Rockford, IL) to a specific activity of 2.5×103 cpm/
ng protein. The specificity of rabbit polyclonal antibodies to ASGPR, protein
disulfide isomerase (PDI) and CK2α isoforms has been described previously
[23,26]. Methyl-thiazolyl-tetrazolium (MTT) was obtained from Sigma. EZ-
Link NHS-Iminobiotin-Trifluoroacetimide, streptavidin, monovalent avidin
and N-succinimidyl-3-(2 pyridyldithio) propionate (SPDP) were obtained
from Pierce Biotechnology, Rockford, IL. Ovalbumin and Ricin A chain
were obtained from Sigma, Saint Louis, MO. The following toxins were
used: ricin (EY Laboratories, San Mateo, CA); wheat germ agglutinin
(Sigma, Saint Louis, MO); Pseudomonas toxin (kindly provided by Dr. April
Robbins, NIH); and diphtheria toxin (Biological Laboratories, Campbell,
CA).
2.2. Cell culture
HuH-7 and Trf1–Trf7 mutant cells were maintained in minimal essential
medium (MEM) supplemented with 10% fetal bovine serum (FBS), 100 units/ml
penicillin, and 100 μg/ml streptomycin. Cells were plated in 60mmplastic dishes
(Falcon) and were grown near or at confluence before each experiment to
maximize ASGPR expression [4] unless otherwise indicated. The number of
viable cells was estimated by MTT assay [19].
2.3. Preparation of glycoprotein-ricin a chain conjugates
ASOR or ovalbumin (1 mg) and ricin A chain (0.5 mg) were biotinylated
using EZ-link NHS-Iminobiotin-Trifluoroacetimide according to the manufac-
turer's instructions. Following dialysis against 2 changes of 150 mm NaCl
buffered with 50 mm sodium phosphate, pH 7.4 (PBS), the biotinylated proteins
were stored at −20 °C until use. To form conjugates, glycoprotein and ricin A
chain were mixed in a 1:3 molar ratio and the mixture added to streptavidin in a
4:1 molar ratio. The reaction was allowed to proceed for 1 h at room temperature.
To remove free glycoprotein or ricin A chain not bound to streptavadin, the
reaction mixture was passed over a column of immobilized avidin (Pierce
Biotechnology, Rockford, IL) equilibrated with PBS. For other studies, ASOR
and ovalbumin were directly linked to ricin A chain via SPDP as previously
described [19].
2.4. Mutant selection
Trf2 was isolated during the course of testing the efficacy of a direct ASOR-
ricin conjugate preparation. Cells (≈2×105/ 35 mm dish) were exposed to
increasing concentrations of ASOR-ricin A chain. After 5 days incubation, a
single colony was observed and recovered from the 2 μg/ml dish. Trf3–Trf7
mutant cell lines were isolated using the biotin–streptavidin dual ricin–
glycoprotein selection protocol. Cells (≈4×106/100 mm dish) were mutagen-
ized with 0.04 μg/ml N-methyl N-nitrosoguanidine for 2 h [27], medium was
changed and surviving cells allowed to expand for 12 days. Mutagenized cells
(≈1–2×106/ 100 mm dish) were exposed to a combination of each ricin
conjugate (1 μg/ml) for 24 h. Cells were then incubated in fresh medium
without toxin. At the end of 21 days surviving colonies were transferred into
separate plates and expanded in culture. Cells were maintained in toxin
conjugate free medium. At least four of the isolates arose from independent
mutational events: Trf2, Trf4, Trf3/Trf6 and Trf5/Trf7. The latter two pairs of
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plates.
2.5. Cell surface binding, internalization and degradation of ASOR
Cells were preincubated for 1 h in serum-free MEM made 2.5 mM in
CaCl2 (MEM-CA) at 37 °C. To assay surface binding, cells were chilled to
4 °C and incubated for 1 h with 125I-ASOR (1 μg/ml). Nonspecific ligand
binding was estimated from culture dishes that contained 100 μg of
unlabeled ligand in addition to 125I-ASOR. Unbound 125I-ASOR was
removed by two washes with 1.5 ml of MEM-CA and a final wash with
MEM-CA containing 5 mM N-acetylgalactosamine (GalNAc) [28]. Surface-
bound 125I-ASOR was released with 50 mM GalNAc [19,28]. In a typical
binding assay, 1.5–2.0 ng of 125I-ASOR (4–5×103 cpm/ng) was specifically
bound to 1×106 HuH-7 cells. Internalization and degradation of 125I-ASOR
was determined after uptake at 37 °C. At various times, cells were cooled to
4 °C, and an aliquot of medium was added to an equal volume of 20%
trichloroacetic acid, 4% phosphotungstic acid to assess ligand degradation
[19,28]. The cells were then washed twice and incubated in 50 mM GalNAc
or 20 mM EGTA for 10 min at 4 °C to remove residual surface radioactivity.
Cells were harvested in 1 ml of PBS, and the amount of cell-associated 125I-
ASOR was quantified.
2.6. Cell surface binding of transferrin
Cells were preincubated for 1 h in serum-freeMEMat 37 °C. To assay surface
binding, cells were chilled to 4 °C and incubated for 1 h with 125I-transferrin
(1 μg/ml) [19]. Nonspecific ligand bindingwas estimated from culture dishes that
contained 100 μg /ml of unlabeled ligand. Unbound 125I-transsferrin was
removed by three washes with 1.5 ml of MEM. Cells were solubilized in 1 ml of
RIPA buffer, and the amount of cell-associated 125I-transferrin was quantified by
gamma counter.
2.7. Fluorescence trafficking assays
ASOR was labeled with the amine reactive fluorescent dye, Alexa Fluor 488
succinimidyl ester (Molecular Probes, Eugene, OR) according to the manufac-
turer's protocol to yield a molar ratio of 2:1 dye to ASOR as measured
spectrophotometrically [29]. Fluorescent ASOR was stored at −20° until use.
Cells were cultured on glass bottom MatTek dishes (MatTek Corporation,
Ashland, MA) in RPMI medium (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum, 100 units/ml penicillin and 100 μg/ml streptomycin. To
follow endocytosis in parental HuH7 and different trafficking mutants (Trf1–
Trf7), cells were exposed to 10 μg/ml Alexa 488 labeled ASOR for 60 min at
4 °C in serum-containing media, washed and the internalization was initiated by
shifting the cells to 37 °C. Time lapse images at 1 frame per second for 60 s at
different time points in the FITC channel were collected on a wide-field
Olympus IX71 microscope containing automated excitation and emission filter
wheels. Data were collected through a CoolSnap HQ cooled CCD (Photo-
metrics, Roper Scientific, Tucson, AZ) camera regulated by Metamorph
(Molecular Devices) software. Fluorescent images were analyzed using ImageJ
(NIH Public domain; http://rsb.info.nih.gov/ij) and Adobe Photoshop v 6.0 (San
Jose, CA).
2.8. Sensitivity of cells to lectins and other toxins
The sensitivity of cells to lectins and various toxins was determined
essentially as described [19,30]. Briefly, the cells were removed from nearly
confluent T-75 flasks by treatment with PBS containing 5 mM EDTA,
pelleted by centrifugation, resuspended in α-MEM+10% FBS and counted.
Each cell line was then diluted in the same medium to 2×104 cells/ml. A
range of toxin concentrations was prepared in α-MEM containing 10% FBS,
and 0.1 ml of each toxin was loaded into a well of a 96-well microtiter plate.
Cells (2×103) were then added to the wells, and the plates were incubated at
37 °C until the control wells (without toxin) reached confluence. The
concentration of each toxin required to kill 90% of the cells (D10 value) was
determined by microscopic examination of surviving cells after the plateswere stained and fixed using a solution of 0.2% methylene blue in 50%
methanol.
2.9. Immunoblotting
Cell monolayers were washed twice with ice-cold PBS and the cell surface
proteins biotinlyated using EZ-link NHS-Iminobiotin-Trifluoroacetimide
according to the manufacturer's instructions(Pierce Biotechnology, Rockford,
IL.). Following a wash with ice-cold PBS the cells were scraped into 0.6–1 ml of
lysis buffer: 10 mM HEPES, 42 mM MgCl2, 1 mM EDTA, 1 mM DTT, 1 mM
PMSF with 1% Triton, and 1× protein inhibitor cocktail (Sigma, Saint Louis,
MO). The suspension was incubated for 30 min at 4 °C with constant agitation
followed by centrifugation at 1500×g for 10 min and the protein concentration
was determined in the resulting supernatant. Aliquots of cell lysate were mixed
with immobilized monovalent avidin (Pierce Biotechnology, Rockford, IL.)
equilibrated with PBS and incubated for 1 h at 4 °C with constant mixing.
Following two ice cold PBS washes, avidin bound proteins were eluted with
0.2 mM biotin. Proteins in SDS-PAGE sample buffer were heated at 90 °C for
10min before resolution on a 10% SDS-PAGE. Proteins were electrophoretically
transferred to nitrocellulose and detected with primary and HRP-secondary
antibody by chemiluminescence as per the manufacturer's instructions (ECL kit,
Amersham Corp.) as described previously [23].
2.9.1. Statistical analysis
The two-tailed Student's t-test was applied to compare the differences
between endosomal volumes of the trafficking mutants. Differences were
considered statistically significant at Pb0.05. Mutants were grouped for their
resistance to UV-induced apoptosis by a one-way ANOVA analysis.3. Results
3.1. Mutant selection
The specificity of the glycoprotein conjugates was tested
with the parental HuH-7 cell line by inhibition of their toxic
effects in the presence of a 10-fold excess of unconjugated
glycoprotein. The toxicity of 1 μg/ml conjugate was reduced for
ASOR-ricin and ovalbumin-ricin to 8±5% and 14±2%,
respectively of that seen in the absence of unconjugated
glycoprotein. In contrast, the addition of 100 μg/ml ovalbumin
to 1 μg/ml ASOR-ricin or 100 μg/ml ASOR to 1 μg/ml oval-
bumin-ricin did not inhibit the toxic effect. The selection of new
trafficking mutants from HuH-7 cells that arose either spon-
taneously (Trf2) or from HuH-7 cells previously mutagenized
with 0.04 μg/ml N-methyl N-nitrosoguanidine (Trf3–Trf7) is
described in Materials and methods. A comparison of the
toxicity of the conjugates to parental HuH-7 and Trf mutant
cells showed that all the new isolates were more resistant to both
the ASOR- and ovalbumin-ricin selective agents, similar to Trf1
(Fig. 1). While there was more variation between cell lines in
the levels of ovalbumin-ricin toxicity than in resistance to the
ASOR-ricin conjugate, the pattern of resistance indicated a
pleiotropic effect of the mutations in that both the mannose
(ovalbumin) and galactose (ASOR) binding receptor pathways
appeared to be affected.
3.2. Lectin and toxin resistance phenotypes
Isolates were subjected to toxicity tests with two toxins that
enter cells and are processed via different endocytic pathways
and two lectins that must bind to cell surface glycans before
Table 1
Sensitivity of HuH-7 and Trf1–Trf7 cells to lectins and toxins
Cell line Pseudomonas
toxin
Diphteria
toxin
Ricin Wheat germ
agglutin
HuH-7 ≤0.2 ng/ml 0.5 ng/ml 0.125 ng/ml 25 μg/ml
Trf1 S(10) a S(5) a S(b2) =
Trf2 R(2) S(2) S(b2) S(b2)
Trf3 R(2) S(≥4) S(≤2.5) =
Trf4 R(8) = S(b2) =
Trf5 R(4) S(≥2) S(≤2.5) =
Trf6 R(2) S(≥3) S(≤2.5) S(≤2.5)
Trf7 R(2) S(≥3) S(≤2.5) S(≤2.5)
The concentration of each toxin required to kill 90% of HuH-7 cells was
determined by microscopic examination of surviving cells after the plates were
stained with methylene blue. S, sensitive; R, resistant; =, equal to HuH-7. The
numbers in parentheses indicate fold-increase in sensitivity or resistance
compared to parental HuH-7.
a Previously published data [19].
Fig. 2. Expression of CK2α isoforms in HuH-7 and Trf mutants. Cell lysate
(40 μg protein) isolated from HuH-7 and Trf1–Trf7 mutants were resolved by
10% SDS-PAGE and transferred to PVDF membrane. The membrane was
probed with antibody against specific for the 45 kDa CK2α and CK2α″.
Fig. 1. Resistance of new mutants to glycoprotein-ricin conjugates. Near
confluent HuH-7, Trf1 mutant cells and the Trf2–Trf7 new isolates were
incubated for 1 h in serum-free DMEM supplemented with 1.8 mM CaCl2
containing increasing concentrations of ASOR-ricin or ovalbumin-ricin. The
medium was replaced with DMEM supplemented with 10% FBS, and
incubation was continued for 18 h. The number of viable cells was estimated
by a 1-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
assay. The results represent means of three observations from two independent
experiments.
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highly susceptible to intact ricin with over 90% cell death
observed at b0.1 ng/ml within 24 h. This finding supports the
notion that mutant selection was based on conjugate uptake and
not due to reduced ricin binding or an acquired resistance to the
lethal effects of ricin. The resistance of Trf cells to ovalbumin-
ricin but not to unconjugated ricin is consistent with a
redistribution of mannose receptors. However, this could not
be tested directly, as attempts at surface binding experiments
with 125I-ovalbumin gave a very high nonspecific background
so that a direct binding assay was not possible.
In addition, the similar sensitivity of HuH-7 and each mutant
line to wheat germ agglutinin which binds sialic acid provides
evidence that the Trf mutants are not defective in generalized
glycosylation of the cell surface. Unlike Trf1 which was
previously shown to be highly sensitive to Pseudomonas toxin
[23], the new Trf mutants are slightly, (∼2-fold for Trf2, Trf3,
Trf6, Trf7) or substantially, (N4-fold, Trf4, Trf5) more resistant
to the toxin compared to HuH-7, suggesting that toxin uptake ordelivery to the endoplasmic reticulum [31] is impeded. With the
exception of Trf4 which had a similar sensitivity to Diphtheria
toxin as HuH-7 cells, the Trf mutants were similar to Trf1 in
being more sensitive to Diphtheria toxin than HuH-7, indicating
that endosomal acidification essential for the conformational
change that triggers the formation of a pore through which the
toxin catalytic chain escapes into the cytosol is intact in each
mutant [32]. By comparison of the effects of the various toxins, it
can be seen that all but Trf6 and Trf7 could be distinguished from
each other on the basis of their pattern of sensitivity and/or
resistance to this panel.
3.3. CK2α″ expression in mutant cell lines
In attempts to complement the Trf1 trafficking mutation
using a cDNA expression library, we discovered a novel casein
kinase 2 (CK2) alpha subunit designated CK2α″ (DQ354583)
whose overexpression reverts the Trf1 phenotype [23]. CK2α″
represents a new isoform of the CK2α family. It is almost
identical to CK2α in amino acid sequence until the last 32
amino acids, which are completely different. Western blot
analyses using antibodies against CK2α (gift from Dr. David
W. Litchfield, University of Manitoba, Winnipeg, MB, Canada)
indicated that Trf1–Trf7 cells expressed amounts of CK2α
comparable to parental HuH-7 cells. The predicted molecular
mass of CK2α″ is identical to that of the CK2α subunit and
could not be resolved from CK2α on SDS-PAGE [23]. To
Fig. 3. ASGPR expression in HuH-7 and mutant Trf1–Trf7 cell lines. For the
estimation of total receptor, lysates (20 μg of protein/lane) of HuH-7 and Trf
cells were resolved by 10% SDS-PAGE and transferred to nitrocellulose. Prior
to probing with polyclonal antibody raised against affinity-purified ASGPR the
membrane was probed with anti-PDI antibody to assess protein loading.
Antibody deposition was detected by chemiluminescence. Surface ASGPR
expression was determined following biotinlyation and isolation of surface
proteins by avidin beads prior to SDS-PAGE and detection with anti-ASGPR
antibody. The experiment was repeated three times with similar results.
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rabbit polyclonal antibody directed against a specific region of
the C terminus of CK2α″ was used. CK2α″ expression by
HuH-7 and the Trf mutants was determined by immunoblot
analysis (Fig. 2). Whereas Trf1 cells lacked CK2α″ as reported
previously [23], HuH-7 and the Trf2–Trf7 mutants express a
45-kDa protein, the predicted molecular mass of CK2α″ [33].
This finding confirms that the new mutants (Trf2–Trf7) arose
independently of the previously described Trf1 mutation.Fig. 4. ASOR binding and RME in Trf mutants. (A) Cells were grown to near conflue
relative to HuH-7 in which 100% binding is 15,600±900 cpm per mg protein. (B)
removed and the cultures transferred to 37 °C to determine the extent of ligand in
1150 cpm internalized per mg protein. (C) The amount of TCA-soluble, degraded 125
(100%) in which 3800±400 per mg protein was generated. (D) The extent of ASOR
represent mean±SD of three to five independent experiments.3.4. ASGPR trafficking and redistribution
A hallmark of the trafficking phenotype expressed by Trf1
cells is the reduction in cell-surface expression of several
unrelated membrane proteins, including ASGPR [22,23].
Estimation of total ASGPR expression by western blot analysis
using a polyclonal antibody to both receptor subunits indicated
that the resistance of Trf cells to ASOR-ricin is not the result of
a reduction in the total amount of ASGPR receptor protein
(Fig. 3). However, following biotinylation and isolation of
surface ASGPR by streptavidin, it was apparent that each Trf
mutant had reduced cell surface expression of ASGPR as
observed previously with Trf1 (Fig. 3). This was reflected in
the reduced ability of each Trf mutant to bind ASOR to the cell
surface (Fig. 4A). The data show that Trf2, Trf5, and Trf7
express a similar reduction to Trf1 of ∼50% in cell surface
binding of ASOR, while for Trf3, Trf4 and Trf6 ASOR
binding was reduced to a lesser extent (Fig. 4A). The western
analysis in Fig. 3 in combination with the surface binding
assays (Fig. 4A), suggest that there is a substantial redistribu-
tion of surface ASGP receptors in Trf2, Trf5 and Trf7 as
previously shown for Trf1 [19,23]. Similar to our previous
findings with Trf1, there appeared to be no effect on the rate of
ASOR internalization (Fig. 4B) or degradation (Fig. 4C) in any
of the new Trf mutants when the amounts of degraded ASOR
were normalized to the respective amount of surface-bound
ASOR (Fig. 4D).nce to ensure maximum cell surface binding of 125I-ASOR. Binding is expressed
Following saturation of cell surface ASGPR at 4 °C, unbound 125I-ASOR was
ternalization expressed relative to HuH-7 in which 100% represents 11,200±
I-ASOR that arose after 60 min of internalization is expressed relative to HuH-7
degraded normalized to cell surface bound ligand relative to HuH-7. The results
Fig. 6. Cell death of HuH-7 and Trf mutants after induction of apoptosis by UV
irradiation. Cells were subjected to UV irradiation (50 Joules/m2) and after 24 h
the extent of cell death was determined by MTT assay. The results represent
mean±SD of three independent experiments.
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Trf1 cells exhibit a pleiotropic phenotype that alters not only
ASGPR and mannose receptor expression (both objects of the
dual selection protocol), but also transferrin receptor expression
([19], Fig. 5). All the Trf mutants had reduced transferring
binding although the extent of this reduction varied significantly
from 13% to 88%. Consistent with earlier 125I-transferrin
binding studies, when compared with the parental HuH-7 [19].
Trf1 cells exhibited only a 30% reduction in transferrin receptor
binding activity, which is less than the 45% reduction seen in
ASGRP activity. In contrast to Trf1, the over 80% reduction in
transferrin binding in Trf2 and Trf5 is much greater than their
reduction in ASOR binding (Fig. 4A).
3.6. Resistance to UV-induced apoptosis
Previously we determined that Trf1 cells are resistant to cell
death from Dengue virus (DEN), TNF-α, and other apoptotic
stimuli including UV irradiation [34]. Evaluation of different
death signaling pathways revealed differential JNK-dependent
signaling in the Trf1 mutant, suggesting a novel proapoptotic
effect of CK2α″ which is absent from Trf1. The increased
resistance of Trf1 to all five of these death stimuli suggests a
common intercept in the apoptotic pathways induced by the
different agents. We therefore tested the new Trf mutants for
sensitivity to UV irradiation. A UV dose of 50 Joules/m2
caused over 95% cell death in parental HuH-7 cells 24 h after
UV irradiation as determined by MTT assay (Fig. 6). Though
all the mutant cell lines were more resistant to UV irradiation
than parental HuH-7 cells, based on their differential responses,
the Trf mutants can be divided into four significantly different
groups of increasing UV resistance: Group 1 (Trf2, Trf3 and
Trf7); Group 2 (Trf4); Group 3 (Trf5 and Trf6), the most
resistant, Group 4 (Trf1).
3.7. Real-time trafficking of fluorescent-labeled ASOR
While the standard 125I-ASOR internalization assay was
unable to detect any difference in the rate of uptake of cellFig. 5. Cell surface transferrin binding in Trf mutants. Cells were grown to
near confluence to ensure maximum cell surface binding of 125I-Transferrin.
Binding is expressed relative to HuH-7 in which 100% binding is 27,700±
700 cpm per mg protein. The results represent mean±SD of four independent
determinations.surface bound ligand in any of the mutants, when endocytic
uptake of Alexa488-ASOR was followed in single cells in real
time, significant differences became apparent (Fig. 7). Unlike
the parental HuH-7 cells in which the fusion of endosomes into
larger vesicles was fully evident as early as 20 min, ASOR
endocytosed into Trf mutants remained within small vesicles
for up to 60 min (Fig. 8). The failure in endosomal fusion was
most pronounced in Trf1 and Trf2 (60% and 65% reduction in
mean vesicle volume), while Trf4, Trf5, Trf6 Trf7 and Trf3
showed an overlapping stepwise loss of fusion activity (ranging
between 24% and 49%). Trf4 is really different from the others
and needs some mention here. At 60 min, a time at which
ASOR has entered the lysosomal pool and the extent of ASOR
degradation can be determined, vesicular fusion exhibited by
the Trf mutants remained reduced. The failure of endocytic
vesicles to fuse efficiently apparently had little effect on the
ultimate trafficking of ligand to lysosomes as indicated by the
similar extent of 125I-ASOR degradation in HuH-7 and Trf
mutants (Fig. 4D).
4. Discussion
The dual ligand–toxin selection protocol used to select
new HuH-7 trafficking mutants was designed to exclude the
isolation of simple receptor-minus mutants. As expected, the
new mutants Trf2–Trf7 were resistant to each of the ricin
conjugates which bind distinct surface receptors (Fig. 1). All
of the cell lines were highly susceptible to intact ricin (Table
1), a finding that further supports the premise that mutant
selection was based on conjugate uptake and not due to an
acquired resistance to the lethal effects of ricin. The fact that
both the mannose (ovalbumin) and galactose (ASOR)
endocytic pathways were affected implies that each mutation
induces a pleiotropic phenotype. As there was no significant
reciprocal inhibition between the mannose- and galactose-
terminated glycoproteins and their respective toxin conju-
gates, the mutation harbored by each of the Trf mutant cell
lines appears to have arisen as a consequence of an alteration
in a component of the endocytic pathway common to each
receptor.
Fig. 7. Uptake and trafficking of fluorescent-labeled ASOR in real time. To follow endocytosis of Alexa488-labeled ASOR the cells were incubated with 10 μg/ml of
fluorescent-labeled ASOR at 4 °C for 1 h in serum-containing medium. Cells were washed free of unbound ASOR prior to initiating uptake by shifting to 37 °C. Time
lapse images at 1 frame per second for 60 s were collected for each time point on a wide-field Olympus IX71 microscope. The time course of ASOR uptake was
repeated at least two times for each cell line with similar results. Each panel shows vesicles in 1–2 cells. Bar=10 μm.
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isolated a trafficking mutant from HuH-7 designated Trf1 [19].
A distinguishing feature of the mutation expressed by Trf1 cells
is the absence of a unique human casein kinase 2 alpha isoform,
CK2α″ [23]. A comparison of the phosphorylation status of
ASGPR in Trf1 and HuH-7 cells indicated that the mutation
results in ASGPR hypophosphorylation [23]. The identification
of serine as the major phosphoamino acid in the ASGPR [35]
and the presence of a CK2 phosphorylation motif (SSEEND) in
the cytoplasmic domain (CD) of the human ASGPR wereconsistent with a direct role for CK2 in trafficking of this
receptor. Using CK2-phosphorylated ASGPR-CD as bait, we
isolated a heterocomplex of potential sorting proteins compris-
ing members of both the HSP and immunophilin families [36],
whose association with the ASGPR-CD affects the binding of
the adaptor proteins, AP1 and AP2 [14]. Unlike Trf1, Trf2–Trf7
express levels of CK2α″ equivalent to the parental HuH-7 cell
line (Fig. 2). The normal expression of CK2α″ establishes that
the new mutants (Trf2–Trf7) are independent of the previously
described Trf1 mutation. Resistance to pseudomonas toxin
Fig. 8. Endocytic vesicle size is reduced in Trf mutants. The 100 largest vesicles
based on number of pixels were selected for each cell type at the 20 min time
point. Each vesicle was analyzed by the ImageJ SpotEnhancing filter (Daniel
Sage, Biomedical Imaging Group, Lausanne, Switzerland) and particle software
(NIH Public Domain; http://rsb.info.nih.gov/ij/) as described previously [44].
Total fluorescence content was determined by average size (pixel2) X intensity
of each vesicle. Error bar represents SEM.
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toxin sensitivity previously shown for Trf1 (Table 1), further
supports the independent nature of the newly isolated mutant
cell lines.
Indirect evidence that the endosomal compartment in Trf
mutants was acidic was obtained from the sensitivity of the cells
to toxins requiring endosomal acidification for their action [32].
Trf1 cells were not resistant but were significantly more
sensitive to such toxins [19]. This contrasts with the CHO cell
endocytosis (acidification) mutants, which are all resistant to
Diphtheria toxin [37]. The acid nature of the endosomal
compartments in Trf2–Trf7 is indicated by the sensitivity to
Diphtheria toxin, which requires the low pH of the endosome to
trigger a conformational change in the toxin, permitting
exposure and interaction of previously sheltered tryptophan
residues with the endosomal membrane [38]. The combination
of resistance to Pseudomonas toxin, even though it varies over a
wide range (2- to 8-fold), and sensitivity to ricin exhibited by all
of the newly isolated mutants, could provide the means to
dissect subtle differences in the retrograde trafficking of these
toxins from the endosomal compartments through the trans-
Golgi-network en route to the endoplasmic reticulum [31].Table 2
Summary of trafficking mutants' phenotypes
Cell line Casein
kinase α″
Toxin sensitivity a
(b2-fold HuH-7 level)
HuH-7 + BLb
Trf1 − S: Pt, Dt
Trf2 + = c
Trf3 + S: Dt
Trf4 + R: Pt,
Trf5 + R: Pt
Trf6 + S: Dt
Trf7 + S: Dt
a S, sensitive, R, resistant, Pt, pseudomonas toxin, Dt, diphtheria toxin.
b BL, baseline for wildtype HuH-7.
c =, equal to wildtype HuH-7.By following the endocytic uptake and trafficking of
Alexa488-ASOR in real time, significant differences between
the parental HuH-7 and the Trf mutants in homotypic fusion of
endocytic vesicles became apparent. In Trf1–Trf7, endocy-
tosed ASOR remained in smaller vesicular compartments
compared to the larger vesicles seen in parental HuH-7 (Figs. 7
and 8). Recognition, tethering, and docking are the first steps
in homotypic fusion of early endosomes [39–41]. This
sequence of events is orchestrated by small GTPases, Rabs,
which recruit a variety of molecules essential to overcome the
energy barrier for membrane fusion [42,43]. Our recent studies
showed that early and late endocytic vesicles associate with
different cohorts of motor and accessory proteins [10]. The
mechanisms by which these proteins are acquired and
exchanged by endocytic vesicles as they mature, remain to
be fully elucidated.
In summary, the new selection protocol using biotinylated
ASOR-ricin conjugates bound to streptavidin has resulted in
the isolation of six new HuH-7 mutants termed Trf2 to Trf7.
Each mutant exhibits an altered pattern of endocytosis of
fluorescent ASOR compared to parental HuH-7 cells (Figs. 7
and 8). The reduction of both ASGPR and transferrin receptor
activity at the cell surface makes it reasonable to assume that
the new Trf mutations also cause redistribution of these pro-
teins as was seen in the first trafficking mutant, Trf1 [19]. The
six new mutants can be distinguished based on their distinct
phenotypes as highlighted in Table 2, defined by toxin and
lectin resistance (Table 1), their sensitivity to UV-induced
apoptosis (Fig. 6) and their endocytic phenotype (Figs. 4, 5
and 8). Thus, we predict that each Trf isolate arose from a
mutation in a distinct gene that affects the endosomal traf-
ficking pathway and the trafficking of receptors such as
ASGPR, transferrin and the mannose receptors to the cell
surface.
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ASOR/transferrin
(% HuH-7)
Resistance to
UV induced
apoptosis groups
Endosome size
(% HuH-7)
100/100 BL 100
44/62 4 45
48/18 1 40
85/50 1 55
63/87 2 80
39/15 3 75
78/38 3 65
40/83 1 60
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